Brief Introduction to Zika Virus (ZIKV)
Zika virus (ZIKV) is an emerging mosquito-borne pathogen that was initially isolated from a rhesus monkey in Uganda in 1947 [1] [2] [3] . ZIKV infection is associated with Guillain-Barre syndrome in adults and other neurological defects in new-borns [4] [5] [6] which prompted the World Health Organization (WHO) to declare a Public Health Emergency of International concern on February 1, 2016 [7] . There are no proved vaccines or drugs to prevent or treat ZIKV infection. Hence, there is a pressing need to study the molecular pathogenesis of ZIKV to facilitate the development of effective vaccines and antiviral therapies.
The Genome Structure of ZIKV
ZIKV is a single-stranded positive RNA genome of flavivirus whose genome consists of about 11,000 nucleotides with two flanking non-coding regions and a single long open reading frame (ORF), which encodes three structural proteins: the capsid(C), premembrane/ membrane (prM/M), and envelope (E), and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) which participate in RNA replication [8] . Structural protein C interacts with the viral RNA to form a nucleocapsid while structural protein prM inhibits premature viral fusion with host membranes. The function of structural protein E is to regulate cellular attachment and to accelerate membrane fusion, virus assembly and release the viral genome into the host [9, 10] . Nonstructural proteins mediate viral transcription and replication and also engage in mitigating host antiviral responses to facilicate ZIKV replication [6, 10] .
Mechanism of Non-Structural Proteins of ZIKV in Evading Host Innate Immunity
Innate and adaptive immune responses were mounted to restrict viral RNA replication and virus spread of mosquito-borne flaviviruses. ZIKV replication was significantly inhibited in cells pre-treated with the dsRNA analogue, poly (I: C) or IFNs. However, ZIKV has developed effective countermeasures to inhibit the host innate immune response [11] . ZIKV specifically several of its non-structural proteins inhibited induction of a luciferase reporter gene expression driven by the IFN-β promoter when stimulated with poly (I: C) or agonists of the RIG-Ilike helicase pathway. For example ZIKV impairs the induction of type I IFNs through binding to IFN regulatory factors (IRF3) [12, 13] and IFN-α/β receptor (INFAR) to mitigate the downstream signalling [4, 14] .
Recent studies demonstrated that NS1 and NS4B proteins of ZIKV could bind to TBK1 and blocked TBK1 oligomerization, resulting in inhibiting type I IFN production at TBK1 level, whereas NS2B-NS3 could interact with endogenous Jak1. Overexpression of NS2B3 markedly reduced the protein levels of Jak1, which consequently inhibited the phosphorylation of Jak1 and STAT1, leading to the suppression of Jak-STAT signalling to inhibit the IFN-mediated induction of interferon stimulated genes (ISGs). Meanwhile, NS2B3 of ZIKV also inhibited apoptosis, further facilitating virus replication.
Although type I IFNs restricted ZIKV replication by promoting the autophagic degradation of NS2B3, NS1 and NS4B proteins inhibited type I IFN production to stabilize NS2B3 [11, 15] . Further study indicated that the NS2B3 protease of ZIKV could species-specifically impair the responses to agonists of the cGMP-AMP synthase/stimulator of IFN genes (cGAS/STING) signalling pathway in human but not in murine cells [16] . Like DENV, ZIKV NS5 interacted with STAT2, resulting in proteasomal degradation of the IFN-regulated transcriptional activator STAT2 from humans but not from mice [11, 17, 18] , which differs from the mechanism of dengue virus (DENV) NS5 [19] . ZIKV did not require the E3 ubiquitin ligase UBR4 to induce STAT2 degradation during viral infection [17, 20] . Another study demonstrated that nonstructural proteins of ZIKV inhibited RIGI-induced IFN-β production through distinct mechanisms: IFN-β mRNA induction was required for the phosphorylation of TBK1, IKKε, and IRF3 [21] . NS2A, NS2B, and NS4B suppress TBK1 phosphorylation while NS4A inhibits IRF3 phosphorylation; and NS5 binds to IRF3 to form NS5/IRF3 complex to inhibit IRF3 phosphorylation. Mechanistically, NS1 mutation promotes the binding of NS1 to TBK1, resulting in reduced levels of TBK1 phosphorylation and IFN-β expression [22] .
Conclusion
Taken together, non-structural proteins of ZIKV, such as NS1, NS4B, NS2B3 and NS5 negatively modulated antiviral response at various levels by inhibiting host innate immune response to produce type I IFNs. Therefore, non-structural proteins of ZIKV provide potential strategies to target innate antiviral immunity, and all these data shed light on how ZIKV evades host innate immunity.
